The control of the highly invasive zebra mussel (Dreissena polymorpha) has been flagged as a 1 5 priority but success has been variable. A better understanding of the growth and drivers of 1 6 settlement of zebra mussel is necessary for a more efficient management of this invasive species, 1 7 but seasonal data are still relatively scant. We monitored the seasonal changes in settlement rates, 1 8 density, and growth of zebra mussel in artificial substrates over one year in Cardiff Bay (UK), an 1 9 artificial amenity lake invaded by zebra mussels in 2003 and where the species is rapidly 2 0 expanding. Mean settling rates varied from 4,200 to 6,200 mussel m -2 over June to September 2 1
The study site, Cardiff Bay, is a 2.0 km 2 amenity lake (depth = 4-7 m) located in Cardiff (Wales, 1 1 4 UK) and fed by two rivers (River Taff and River Ely) . It was built between 1994 and 1999 as part 1 1 5 of a regeneration project of the old docklands areas of Cardiff and Penarth. The site has been 1 1 6 described in detail by (Alix 2010; Alix et al. 2016 We deployed five experimental buoys in different parts of Cardiff Bay (Figure 1. ), each buoy 1 2 0 consisting of a weighted rope and three white plastic panels (A4 size, 210 × 297 mm) set at the An area corresponding to 25% of each panel (i.e. 156 cm 2 ) was scraped clean every 1 2 4 month and all attached mussels were counted and measured. These are referred to as 'clean 1 2 5 samples' and provide data on the number and size of new recruits. A total of 141 scrape samples 1 2 6
were collected in this way over the 12 months of the study, 43 of which contained zebra mussels 1 2 7 (30.5%). In addition, 81 scrape samples were obtained from colonised sections of the panel (i.e. let 1 2 8 undisturbed, never scraped before) 5 months after the start of the study; each month a different area 1 2 9 of the panel was scraped, 67 of which contained zebra mussel (82.7%). Specimens were preserved 1 3 0 in 70% ethanol and brought to the laboratory where they were counted and measured (shell length 1 3 1 8 was lost during the first month and was excluded from analysis, and buoy B was lost during the last 1 3 6 month of the experiment but data were available for 11 of the 12 months of the study. Statistical analyses were carried out using R version 3.3 (Core Team, 2017) and PAST v. 3.2.2 1 4 0 (Hammer et al. 2001) . We used mixture analysis on shell length at the end of the growing season to 1 4 1 estimate the number of different cohorts (age classes) that had colonised our experimental panels. For this, we varied the number of putative cohorts from 1 to 8 and chose the most likely number 1 4 3 based on changes in AIC values (Hammer et al. 2001) . We used linear models to examine variation 1 4 4 in mussel size and density using month, depth and site as predictors. To examine the influence of as predictors of mussel size and density in a linear mixed effect model using sampling station as a 1 4 8 random factor, as above. Model simplification was achieved by examining changes in AIC using 1 4 9 the step and dredge functions, followed by Maximum Likelihood comparisons of nested models 1 5 0 with the anova command. To test for evidence of density-dependence, we tested if density was a significant 1 5 2 predictor of the average size of mussels in each sample, taking into account the effects of season, 1 5 3 water depth and variation among sites. We carried out an analysis separately for one month old 1 5 4 mussels (originating from our monthly scrape panels) and for mussels sampled from undisturbed 1 5 5 panels at the end of the growing season. As the relation between density and size was not linear, we terms from the final model. We excluded site B from analysis as there was no colonization of 1 5 9 surface panels, and used the gam.check command to assess departures from model assumptions. <0.001; turbidity: month F 11,207 = 1055.6, P <0.001, site F 3,207 = 23.1, P <0.001). However, no 1 7 4 significant variation in water chemistry was found with respect to water depth, at least within the 1 7 5 first 3 metres (P > 0.5 in all models). 39% of the variation in water chemistry parameters, but was not a significant predictor of either the 1 7 8 average size (t = 0.787, P = 0.434) or density (t =2.46, P = 0.750) of new recruits colonising the 1 7 9 experimental panels. Densities of one month old mussels sequentially sampled during the reproductive season varied Densities of one month old zebra mussel varied significantly between months (F 1,134 = 15.8, 1 8 7 P<0.001), sampling sites (F 3,134 = 4.02, P=0.009), and depths (F 2,134 = 3.46, P=0.03). The surface 1 8 8 panels had the lowest number of recruits, while the deepest panel had the highest. Densities in the undisturbed panels, sampled over the winter, also varied between sampling sites 1 9 0 (F 3,75 = 87.3, P<0.001) and depths (F 2,75 = 71.2, P<0.001), but were stable across time (month F 6,69 1 9 1 = 1.67, P = 0.142), confirming the lack of recruitment observed between November and May. In 1 9 2 general, the highest densities and settling rates were found at the mouth of the River Taff (site C) 1 9 3 and at the outlet at the barrage (site E), while the lowest were found at the inner harbour (site B). August and September, and then ceasing when temperature dropped below 14 C in October- November. Across sampling stations, settling rates were 0.42-0.62 indiv cm 2 month -1 , with peaks of 1 9 8 1.790 indiv cm 2 month -1 . This is equivalent to 4,200-6,200 mussels per m 2 (peaks of 18,000 The average size of one month old mussels colonizing the clean panels during the reproductive 2 0 3 season varied between 9mm in July to 21mm in October, and differed significantly between months 2 0 4 (F 3,1377 = 700.7, P<0.001), sampling sites (F 3,1377 = 293.3, P<0.001), and also with depth (F 1,1377 = 2 0 5 385.4, P<0.001; Figure 6 .). The largest mussels were found at the mouth of the River Taff (site C) 2 0 6 and at the outlet at the barrage (site E), while the smallest ones were found at the mouth of the River Ely (site D). Growth increased rapidly from July to October, and then plateaued for the rest of the 2 0 8
year. The size of mussels was largest at 3 metres (95 CI = 15.7-16.3 mm) and smallest at the 12 surface (95CI = 14.0-14.8 mm). Such variation persisted in the undisturbed panels over the winter, 2 1 0 after the reproductive season, as mussel size continued to vary significantly between months (F 6,2774 2 1 1 = 11.6, P<0.001), sampling sites (F 3,2774 = 170.9, P<0.001) and also with depth (F 1,2774 = 206.8, 2 1 2 P<0.001; Figure 6 .). Thus, the average size of mussels in Apr 2018, 10 months after the buoys 2 1 3 were first deployed, was still significantly smaller at the surface (mean = 17.0mm) than at 1m depth 2 1 4 (mean = 18.3mm) and at 3m depth (mean = 18.4 mm; Tukey HSD P adj = 0.003), which were not 2 1 5 different among themselves (Tukey HSD, P adj = 0.732). Inspection of experimental panels revealed that new recruits were only found during July to 2 1 9
October, suggesting that the reproductive season in Cardiff Bay likely extended from May or June 2 2 0 to September. Results from mixture analysis suggest that the most plausible number of discrete 2 2 1 cohorts colonising the experimental panels over the course of the study was 5 age classes ( Figure   2 2 2 S1), with an estimated age of approximately 2 months for the youngest settlers (size 11-12 mmm) to 2 2 3 330 days for the oldest ones when zebra mussels had already attained a size of 23-31 mm (Table 2. ).
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The distribution of cohorts varied significantly among sites (Chi-squared = 387.5, df = 12, P < 2 2 5 0.001) and there were comparatively more younger settlers at the warmest sites (sites D and E) than The size of one month old mussels (i.e. new settlers successively sampled from cleaned panels) was 2 3 0 not affected by density, once the effects of site, water depth and month of sampling had been 2 3 1 statistically controlled for (density F 1,29 = 0.427, P = 0.519). However, density was a significant 2 3 2 predictor of mussel growth in the undisturbed panels (GAM estimates for smooth terms; density, 2 3 3 13 F 3.357,4.090 = 4.433, P = 0.004; density x site C, F 5.405,6.099 = 14.881, P < 0.001; density x site D, 2 3 4 F 3.154,3.606 = 16.688, P <0.001; density x site E, F 1,1 = 3.732, P =0.06; parametric terms, depth 1m 2 3 5 estimate = 0.466, SE= 0.05, t = 9.266, P <0.001; depth 3m estimate = 0.759, SE = 0.07, t = 10.267, 2 3 6 P <0.001). The model explained 91.6% of deviance in mussel size, of which 39.4% was explained 2 3 7 by density alone. Across sites, mussel size increased with density (Figure 8.) , but there were 2 3 8 significant differences between sites. Thus, at sites with high recruitment (site C, mouth of River Our study indicates that within 14 years of being invaded, Cardiff Bay has a large, established 2 4 6 population of zebra mussel, confirming the conclusions of a previous survey of veliger density 2 4 7 using a different sampling approach (Alix et al. 2016) . Our study also suggests that zebra mussel 2 4 8 may be spatially structured into different cohorts that grow and settle at different rates. This has 2 4 9 implications for management because if density, settling rates, and growth vary spatially among 2 5 0 locations, this creates the conditions necessary for zebra mussel metapopulations to evolve, which 2 5 1 would make control measures considerably more challenging (Mari et al. 2014).
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By carrying out monthly scrapes in artificial substrates, we have shown that zebra mussel begin to 2 5 3 settle in July, one month after we deployed the experimental panels, and continued until October, 2016; Fong et al. 1995; Ram et al. 1996) . The fastest growth was generally observed at the deepest suggests that conditions that favour growth of zebra mussel also favour their survival. However, no 2 6 0 significant differences in water chemistry were found within the first 3 metres, despite a large 2 6 1 variation in growth and settling rates within the water column and our index of water chemistry 2 6 2 (PC1) did not explain the size or abundance of mussels, despite large variation in water parameters 2 6 3 among sites. This suggests that factors other than water chemistry control growth and colonisation 2 6 4 of zebra mussel, most likely physical disturbance, predation pressure, and food abundance. Water et al. 1994; Spidle et al. 1995) . However, the Bay is fitted with a bottom aeration system to 2 6 7 maintain high dissolved oxygen and permit the passage of migratory Atlantic salmon and brown 2 6 8 15 trout (Alix et al. 2016) , and as a result, water is more mixed than would normally be, which may 2 6 9 explain the apparent lack of stratification in water parameters (Alix 2010).
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The low settling rate of mussels found in surface samples has been noted previously in laboratory 2 7 1 and field studies (Alix et al. 2016; Kobak 2001; Kobak 2004) . Velgers appear to be absent from the appears to be related to light intensity (Kobak 2001; Seaver et al. 2009 ) and may confer mussels 2 7 4 some protection against bird predators and desiccation caused by fluctuating water levels. For 2 7 5 example, Alix (2010) reported that waterfowl fed on surface mussels in Cardiff Bay and has also 2 7 6 been found that waves reduce settlement rates (Chase & Bailey 1999; Kobak 2004) , which may 2 7 7 explain the low abundance of mussels in our surface panels. Mean settling rates varied between 2 7 8 4,200 and 6,200 mussels m -2 month -1 , which are similar to those reported for well established Lewandowski 1993), and are also consistent with adult densities of 450-5,100 mussels m -2 removal may not always work. Zebra mussels often follow boom and bust population dynamics selective predation by birds (Pedroli 1977; Wisniewski 1974) . We suggest that when eradication is 3 2 5 not possible, local zebra mussel populations dynamics should be considered before embarking on 3 2 6 partial removal that may prove expensive, ineffectual, and may in some cases enhance production 3 2 7 and aggravate the problem 3 2 8
In conclusion, our results indicate that the zebra mussel is a well established aquatic invader in 3 2 9
Cardiff Bay and despite periodic removal, its numbers appear to be growing as evidenced by having 3 3 0 the highest densities recorded in Britain to date, and also higher than previous estimates for this radiation on gametic function during fertilization in zebra mussels (Dreissena polymorpha). scrapped clean and all the attached zebra mussels were counted and measured. 
